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Abstract The General Antiparticle Spectrometer (GAPS) is designed to carry
out indirect dark matter search by measuring low-energy cosmic-ray antipar-
ticles. Below a few GeVs the flux of antiparticles produced by cosmic-ray
collisions with the interstellar medium is expected to be very low and sev-
eral well-motivated beyond-standard models predict a sizable contribution to
the antideuteron flux. GAPS is planned to fly on a long-duration balloon over
Antarctica in the austral summer of 2020. The primary detector is a ∼1m3 cen-
tral volume containing planes of Si(Li) detectors. This volume is surrounded by
a time-of-flight system to both trigger the Si(Li) detector and reconstruct the
particle tracks. The detection principle of the experiment relies on the identi-
fication of the antiparticle annihilation pattern. Low energy antiparticles slow
down in the apparatus and they are captured in the medium to form exotic
excited atoms, which de-excite by emitting characteristic X-rays. Afterwards
they undergo nuclear annihilation, resulting in a star of pions and protons. The
simultaneous measurement of the stopping depth and the dE/dx loss of the
primary antiparticle, of the X-ray energies and of the star particle-multiplicity
provides very high rejection power, that is critical in rare-event search. GAPS
will be able to perform a precise measurement of the cosmic antiproton flux
below 250 MeV, as well as a sensitive search for antideuterons.
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1 Introduction
According to many consistent astrophysical and cosmological observations,
about one fourth of our Universe is composed of Dark-Matter (DM) particles
of unknown nature . In order to fit the data, DM particles should be weakly
coupled to Standard-Model particles and dynamically relatively cold. No di-
rect indication on the mass scale can be inferred from the observations, but
the Weakly-Interacting Massive Particle (WIMP), ranging from GeV to few-
TeV mass, is a well motivated hypothesis. All evidences for DM are purely
of gravitational origin and, in order to demonstrate that this is indeed the
correct interpretation of the observations and to understand its nature, a non-
gravitational signal is needed. To this aim, we can rely on multiple approaches,
that well complement each other (e.g. [1] and reference therein).
A promising perspective is to detect a DM signal coming from dense DM
sites, like our own Galaxy halo. In this case, beside direct signal search, a whole
and extensive host of astrophysical signals is under intense investigation. The
idea is that thermal DM relic from the early universe could self annihilate or
decay with Standard-Model final states. The available observational channels
depend on the mass of the DM particle, that annihilate almost at rest, and on
the astrophysical background in these channels. In the WIMP hypothesis, also
baryonic and leptonic particles can be created in the halo and a DM signal
could be detected looking at the rare CR antimatter components. Several inter-
esting hints emerged in the past decade from gamma-rays [2], positrons [3,4,5]
and antiprotons [6]. All of these results underline the fact that complementary
detection, together with a background-free technique, is highly recommended
to shed light on dark matter signatures and candidates.
Antiprotons (p¯) are the most abundant baryonic antiparticle component in
CRs. Their abundance has been extensively measured by magnetic-spectrometer
experiments [7,8,9,10] from 200 MeV up to 450 GeV, where it has been found
overall consistent, within the uncertainties, with the expected astrophysical
background. By extending the p¯ measurement at lower energies, where the
background is kinematically suppressed, it would be possible to probe unex-
plored DM phase space. As illustrated in Fig. 1 (left), DM signatures from
light neutralinos, gravitinos and Kaluza-Klein particles, as well as evaporating
primordial black holes, could be observed [14].
Likewise to p¯, antinuclei can be produced, both in the ISM and by DM. The
most favourable signal-to-background ratio is expected for the antideuteron
(d¯) [11,12], which production by collisions is more strongly suppressed than
by annihilation or decay of massive DM particles, due to the kinematics of
the reactions. According to several calculations ( Fig.1 right), below 1 GeV/n
the d¯ flux from DM exceeds the background level by more than two orders of
magnitude.
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Fig. 1 Left: measured p¯ flux by BESS[7,8], PAMELA[9] and AMS-02[10], compared with
theoretical calculations for secondary p¯ production and for some DM models predicting
a sizable p¯ contribution at low energy [14]. The expected GAPS sensitivity for one 35-
day flight is also shown for the case of secondary production. Right: predicted d¯ flux as a
function of kinetic energy per nucleon by secondary production in the ISM and by some
DM particle models. The measured limit from BESS is shown, along with the sensitivities of
AMS-02, assuming 5 years of operation, and GAPS, after three 35-day flights [12,13]. The
arrows on the AMS-02 sensitivities illustrate the geomagnetic-efficiency correction factor
calculated along the ISS orbit. The shaded bands represent the envelope, within medium
and maximum effect, of model predictions obtained by considering the uncertainties on the
propagation parameters.
Fig. 2 GAPS antiparticle detection method: antiparticles slow down and stop in the Si(Li)
target, forming an exotic atom. Atomic X-rays will be emitted as it de-excites, followed by
the pion (and proton) emission from nuclear annihilation. d¯/p¯ identification is based on (1)
the stopping range, (2) the pion and proton multiplicity, (3) the atomic X-rays energies.
The General Antiparticle Spectrometer (GAPS) experiment is designed to
carry out a sensitive DM search by measuring low-energy cosmic-ray baryonic
antiparticles, focusing on d¯ search.
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2 Low-energy antimatter detection with exotic atoms
The detection principle of the experiment relies on the identification of the an-
tiparticle annihilation pattern and it is schematically illustrated in Fig. 2. The
instruments consists of a time-of-flight system that surrounds a tracking sys-
tems. Low energy antiparticles slow down in the apparatus until they undergo
nuclear annihilation, in flight or at rest, producing a star of pions and protons.
Once at rest, before annihilating, they are eventually captured in the medium
to form exotic excited atoms, which de-excite through radiative transitions,
by emitting detectable X-rays of characteristic energy. The simultaneous mea-
surement of the stopping depth, the velocity and the dE/dx loss of the primary
antiparticle, of the X-ray energies and of the star particle-multiplicity provides
the necessary rejection power to identify the antiparticles, against the particle
background, and to distinguish d¯ from p¯ [15].
An accelerator test was conducted in 2004 and 2005 at KEK, Japan, in
order to prove the concept and to precisely measure the X-ray yields of an-
tiprotonic exotic atoms formed with different target materials [13]. An high
yield, of about ∼75%, was obtained for the low n states, from the de-excitation
of antiprotonic exotic atoms with Al and S targets. A simple, but comprehen-
sive, cascade model has been developed, aiming to evaluate the X-ray yield for
any negatively charged cascading particles with any target materials. Three
leading de-excitation processes have been considered: Auger, radiative and
nuclear-capture transitions. The nuclear capture of the cascader might ter-
minate the de-excitation cascade before the exotic atom reaches the ground
state. The model has been tuned on beam-test data and benchmarked agains
other antiprotonic and muonic atoms. Hence, the cascade model has been used
to evaluate the X-ray yields for antiprotonic and antideuteronic exotic atoms
with GAPS materials; e.g. for antideuteronic (antiprotonic) atoms with Si tar-
get the predicted yield is ∼80%, for X-rays of energy 30, 44 and 67 keV (35,
58 and 106 keV).
3 The GAPS instrument design and mission status
The detection technique adopted by GAPS does not suffer of the technical lim-
itations of heavy magnets in conventional magnetic spectrometers and allows
to easily build a detector with a large geometric acceptance.
The primary detector is a ∼1m3 central volume, containing 10 layers of
Lithium-drifted Silicon (Si(Li)) detectors (Fig. 3 right), which act both as tar-
get material for antiparticle annihilation and as tracking device. Each tracking
layer is composed by 12×12 Si(Li) wafers, of 10 cm diameter and 2.5 mm thick-
ness, segmented into 8 strips and mounted on 2×2 Al modules (see the insert
in Fig. 2). The detector modules are nested into expanded polystyrene blocks,
which provide insulation and protection during chute shock and landing, while
minimizing the interference with particle detection. The Si(Li) detector per-
forms both as a 20÷80 keV X-ray spectrometer, with 4 keV resolution, and as
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Fig. 3 GAPS payload design. The outer and inner plastic-scintillator layers of the TOF
system (left) surround a 1 m3 volume, filled with 10 layers of Si(Li) detectors nested into
expanded polystyrene blocks (right). Note that not all the TOF outer paddles are shown in
the figure, in order to display the inner layers.
a tracking system for charged particles, which deposit up to tens of MeVs in
the Si(Li) sensors. The Si(Li) sensors are kept at the operational temperature
of -48◦ by means of an Oscillating Heat Pipe (OHP) passive cooling system,
developed by JAXA/ISAS for the GAPS experiment [16].
The tracking volume is surrounded by a Time-Of-Flight (TOF) system,
which measures the particle velocities and energy depositions, and provides the
high-speed trigger. The flight distance between the outer and the inner layers
is ∼1 m. The baseline design of the TOF uses thin (5 mm thick) scintillation
counters, which have dimensions of 180×16 cm2, for the outer TOF layers,
and 160×16 cm2 for the inner one. Approximately 220 scintillation counters
are required in total. Three 6×6 mm2 silicon photomultipliers will be mounted
directly on each end of the scintillators. In order to achieve the needed mass
separation, a TOF resolution of 500 ps is required. An overall illustration of
the TOF system is shown in Fig. 3 (left).
A prototype flight (pGAPS) was carried out in June 2012 from Taiki,
Japan, with the purpose of testing the performance of the GAPS instrument
subsystems and the novel OHP thermal cooling concept, as well as measuring
the background levels [17,18].
The first scientific Long-Duration Balloon (LDB) flight has been recently
approved by NASA and has been scheduled for the Antarctic summer of
2020/2021. With the full acceptance, in a single flight, GAPS is expected to
collect 100 times more statistics of p¯, below 250 MeV, than currently available.
This will allow to explore unconstrained parameter space for several DM and
PBH models (see Fig. 1 left). Full d¯ sensitivity will be reached after ∼100 days
flight, corresponding to about 3 LDB flights.
4 Conclusions
In the quest to understand dark matter, searching for low-energy antinuclei,
in particular antideuterons, is a very promising, but largely unexplored, tech-
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nique. The GAPS experiment, a large-acceptance cosmic-ray balloon instru-
ment, will push the sensitivity limit for antideuterons by two orders of magni-
tude compared to the best present-day measurements. The detection principle
of the experiment relies on the identification of the antiparticle annihilation
pattern, including the X-rays emitted from the de-excitation of exotic atoms.
The development of the science payload of GAPS is now well underway with
a potential first flight occurring in late 2020. One flight will not be enough
to reach the required antideuteron sensitivity, but the instrument is expected
to collect 100 times more statistics of low-energy antiprotons than currently
available.
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